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Abstract )A/l f

Photophysical parsmeters have besn determined for coumarin la-ae\r« .dyoi
in a variety of organic solvents and including water and mixed media. The
respoase of fluorescences emiassion yields and lifetimes to changes in sol-~-
vent polarity was a sensitive function of substitution pattern for the
ocoumarins. Most important were substituent influences which resulted in
larger excited state dipole moments (for the fluorescent state), in res-
trictions of rotatory motion for the amine group at the 7-position, and the
delocalisation of excitation energy away from the coumarin moiety. PFor
dyes displaying sharp reductions in emission yield and lifetime with
incressed solvent polarity, protic media and particularly water were most
effective in inhidbiting fluorescence although deuterium isotope effects

(E,0/D,0) on photophysical parsmeters were minimal. The temperature depen—

S, or [

I's
/
e
v {cAes
e

3




e oy e - A AB el e SRl g rheciie i A4 R LRI A A 0l RN A gl e h

N page 2

denoce of emission yield and lifetime was measured for two solvent senaitive
dyes in acetonitrile and in a highly viscous solvent, glycerol. The
quenching of coumarin fluorescence Ly oxygen for dyes with lifetimes > 2 ns
vas also observed. The dominant photophysical features for cousarin dyes
are discussed in terms of emission from an intramolecular charge-transfer
(ICT) excited state and an important non-radiative decay path involving
rotation of the amins funoctiomslity (7-position) leading to a twisted
intramolecular CT state (TICT). This previously proposed non-radiative

decay path is a subtle function of coumarin structure, solvent polarity and

viscoaity, and temperature, and is most sensitive to substituent patterns

R4 vhich localize excitation at the 7-smino group and which stabilize oharge

in the tuwisted zwitterionic (TICT) intermediate. The role of excited state

" bond orders involving the rotating group in determining the importance of
interconversions of the type, ICT 9 TICT, is discussed.

It has been kmown for some time that the yield of fluorescence emis-
sion for 7-sminocoumarins (e.g., 1 - 11), the important class of laser dyes
for the "blue—-green” region, depends critiocally on the pattern of substitu-
tion about the smine function.’’®? A similar trend asoribed to a
non-radiative deocay proocess observed for structures displaying an unres—-
tricted amine moiety (e.g.,l1 and 2, as oompared to § and 4) has been also

found for oxasins,’ rhodamine,’’’ and xanthens laser dyes.® Based on meas- ?

urements of fluorescenoce yield and lifetime for ooumarins of varied w

structure in solvents representing a wide range of polarity, a model of
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non-rediative decay was proposed’’’ which employs a planar highly emissive
intramclecular charge tranafer (ICT) excited state capable of decay to a
noo—-fluoresoent twisted CT astate (depicted simply below in terms of reso-
mance forms, ICT 9 TICT).

The modes of formation and decay of highly polar excited state
structures have received much recent attention.® The proposals concerning
the rather large family of fascimating interconversions of the type, ICT 9
TICT, followed an early suggestion by Rotidewicz, et al.,’ and have been
developed quite thoroughly by Grabowski, et. al.,*® Rettig,’’ and
Lippert.*® A variety of structures displaying ICT excited state properties
have now been investigated, including the legendary
p-§,F-dimethylaminobensonitrile (DMAB).*" 4 battery of theoretical and
experimental probes of  structure-reactivity,®®’?**  including ps
time-resolved'’ and electrooptic emission measurements,’® have been
deployed.

The ICT-TICT rotatory decay model is reminiscent of a number of impor—
tant photophysical phenomena which have been identified in the last decade,
having to do with (1) “"free rotors” as focal points for non-radiative deac-
tivation,*’ (2) the "sudden polarisation” of excited species,’’ and (3) the
effects of drastic bond-order alteration on excitation.’ The ramifications
of non-radiative decay for polar excited states, and substituent and sol-
vent effects thereon are quite bdrosd and enoompass issues ooncerning dye
laser operation,®® the behavior of fluorescence probes,®’®® stereomutation
of “push-pull” stilbenes, polyenes, and rhodopsin,®® the light fastness of

dyeing agents,”’ the effectiveness of photographic sensitisers,’® and the




development of molecular switching devices for optical data storage.’

In the present paper, ve report more fully on our study of solvent
effects on photovhyuoal properties for the coumarins. In particular, we
note that rotatory non-radiative decay, although important for a number of
dyes in the most polar media, is not pervasive for the series and is in
fact mitigated by a mumber of subtle structural influences and solvent
offects which have been identified. This study is one of a series concern—
ing coumarin dyes which includes investigation of @mechanisms of
photochemical doc'adntion." bimoclecular excited state quenching and elec~

tron transfer reactions,®’ and behavior of dyes in amphiphilic media.’®

Absorntion and smiasion measurements. Solvent affegka. Photophysical
properties of selected dyes are shown in Table 1, including fluorescence

lifetimes measured by photon oounting techniques as reported previously.®’?’
The spectral data include the following important features: (1) slight red
shifts of absorption with increasing solvent polarity which correlate’ with
the solvent parsmeter, x*, a measure of solvent polarity-polarizability;*’
(2) more dramatic reductions in emission frequency, again a smooth function
of x* and, the hydrogen bonding parsmeter, a&,'® (other solvent indexes have
been oorrelated’); (3) a general broadening of the emission band in more
polar and protic media (e.g., bandwidths, fwha, for 2 of 2.9 and 3.1 kK for
oyclchexane and water, respectively) and (4) extinotion occefficients which
range for most dyes between 16,000 and 22,000 M * om™ * with exceptiomal

.....
.............
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absorption strength noted for § and 9 (¢ = 55,000-70,000 M* oa ) (mo
dramatic trends in s as a function of solvent for either group).

For the first aseries of dyes, valuss of emission yield and lifetime
appropriate for argon purged samples were obtained (note details concerning
the procedures and the importance of oxygen quenching in the Experimental
Section), and the trends in photophysical parameters as a function of sol-
vent are as follows. Coumarins ] and 3 appear most susceptible to changes
in solvent polarity in terms of emission yield and lifetime. With the
addition of protie sclvents and especially water these normally robust dyes
o ocan be rendered weakly fluorescent. Por the hmloqoua series, §, 71 and 2,
» a regular trend having to do with the mture of substituents at the

gecmetrically umrestrioted amino group 1is developed. For dyes 3 - § exhi-
biting the amine function which is incapable of substantial rotation with
respect to the ooumarin aromatic ring, yields and lifetimes are altered
somewbat in more polar media but the effects are much reduced oompared to
the “free rotor” dyes where as close to direct ocomparisons can be made.

The effect on emission properties of a polar but viscous solvent was
evaluated. In glycerol a very large protic solvent red-shift was observed,
but the extent of excited state stabilization (emission frequencies near
that of water) did not tranalate into the sharp reduction in emission yield
and lifetime found for the less visocous aloochol and water media. Most
noticeable was the continuation of reduction in fluorescence yield (ethanol
/water to glyoerocl) for dyes with more rigid structures (4 and ) compared
to the restoration of emission yield and lifetime for dyes with a rloxiuo
amine substitueant (] and 2).
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With some indication of a visocoaity dependence on fluorescence Yyield,
comparisons were made of emission intensity for 50:50 ethanol/methanol
solutions at room temperature and in a glass of the ssme solvent at 77 K.
The intensity ratios were as follows: 2/4, 0.15 (RT), 0.90 (77 K); 2 /8,
0.12 (RT), 1.07 (77 k) (i.e., the non-radiative decay mechanism for 2 which

is apparently unavailable to 4 and § can be eliminated at 77 K in a glassy
solvent).

Pollowing completion of this initial profile of solvent dependences,
other olasses of ocoumarin structures were inspected. For this series, § -
11, lifetimes vere determined by a technique which depended on the diffu-
sion oontrolled quenching of dye fluorescence by N,N-dimethylaniline (see
Experimental Section). Emission yield and lifetime data are reported for
air saturated samples (Table 2). The important result is that the changes
4 80 noticeable for the dyes (Table 1) with unrestricted dialkylamine funoc-
tionality are absent 1in these related olasses of dyes whers either a

delocalising substituent is present at positiom3 or where the substituent
pattern about the amine funotion is altered.

Using familiar relationships shown below, rate constants were calou-
lated (Table $3) for radiative, ke, and non-radiative, kpgs decay for dyes
ey in which both yield and lifetime values wers available.

ke = 8¢/ = knga = (1 = Bg)/ xp

Issperaturs dspendance of fluorescence -yialds and lifetimes.
Motophysical properties for "free rotor” dyes and a rigid system were
evaluated as a funotion of temperature, with results shown in Table 4. PFor

T AR G G ARR IR, AG



page 7

1 lifetimes had been previously measured’ and rate oconstants obtained
directly. Assuming a common value of 1.5 x 10° s-1 for k,, similar data
oould be generated for 2. Plots of 1n kd va 1/T were linear (r = 0.99) and
yielded for 1 (in glycerol) Arrhenius parameters, A = 6 x 10** »-1 and E, =
4.9 koal/mol and for 3 (in acetonitrile), A = 1 x 10** »-1 and E, = 2.4
koal/mol .

Mixed madia. Ihe affect of added yater and change ip pH. In view of
the intimations of a specific interaction of the fluorescent coumarin state

with solvent ( particularly the importance of hydrogen bonding), a series
of experiments employing mixed media was carried out. An effort to discov-
or anomalous or dual emission associated either with specifically or
differentially solvated excited spscies or in fact a second emission to be

associated with a TICT excited species has already been reported.’ (Gener—
ally, an excellent fit of single exponential decay curves to experimental :
data over 2-3 decades of photon counting was observed and lifetime measure- :
sents utiliszsing light filters at the "blue edge” vs "red edge” of emission
suggested a single fluorescing species within rather strict limits of
detection.®)

Addition of water to organic solvents was of special interest. Por
ocoumarin 2 a general further broadening of the fluorescence band with no

PP TRV PT e R e W

fundamental change in band shape (A, = 509 - 534 mm) and a regular reduc—
tion in fluorescence yield (8, = 0.090 - 0.023) were observed on changing

Bt aat

the composition (0 - 90%, 10% inocrements) of water—ethanol solvent mix-
tures. Sosewbat more dramatic was the addition of water to acetonitrile

solutions of 1 and 3 resulting again in a regular red shift of absorption

e .
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and changes in emission properties (Table 5). Shown also is the result of
addition of D, 0 in parallel experiments with ] and 3.
Since acid-base reactions have been identified with some coumarins
(the 7- hydroxycoumarins - the umbelliferone series’® - but also including
some aminocoumarins®’®’), changes in pH within a moderate range were inves-
tigated. For 3 which fluoresces rather well in water (at its solubility
limit of ca. 0.001 mM, Table 1), changes in absorption or emission maxima
) or in emission yield for aqueous solutions at pH 4.0, 7.0, and 10.0 were
& not detected.
= Elash photolvais sxperimenta. Iriplet counting. To investigate the
role of intersystem orossing in nonradiative deactivation, several dyes
were subjected to flash irradiation using conventional equipment (xenon
; flash lamp, flash duration, 35 us FWHM). Weak transient signals were
;:E observed for 1 in argonrpurged acetonitrile, 85% acetonitrile /water or
NS oyclohexans with an absorption profile (A, . = 600-625 mm) similar to spec—
g tra which have been reported for 1 in ethanol’® or in mixed EPA solvent.’’
% The decay of tnnn'ionta from ] wvas found to be first-order and consistent
B with a triplet lifetime of 120 - 180 us in acetonitrile. A similar wveak
X transient signal which decayed in the millisecond time scale was also
"‘ observed for § in acetonitrile. On the other hand, transient absorption
& oould not be detected for 2 or 4 under similar conditions where purging of
ﬁ\ oxygen from the flash cell was extensive.
‘. Attempts were made to measure intersystea crossing yields using the

triplet oounting technique.’® Glc analysis was performed on coumarin dye

solutions oontaining 1,3-cyclchexadiens, a relatively low energy triplet
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ocunter which is kmown to undergo dimerization in the presence of a triplet

i sensitizer.’’ The coumarins with diene were irradiated in parallel with

benzophenone sclutions also containing triplet counter. The results for
two sclvents are shown in Table 6. The apparent failure of two dyes to
produce triplets in a polar medium and only modestly in cyclohexane is not

readily asoribed to an energy deficiency on the part of the coumarin tri-

plets. Although their triplet energies are not precisely known
(phosphorescence is not detected in low temperature glasses), indications

of triplet location (ca. 50-55 kcal/mol) are found in the energy transfer

data for the "ketocoumarins” having similar structures but for which inter-
system crossing efficiencies are generally high.‘® At least moderate
efficiency in thermonsutral or alightly endothermic energy transfer to

cyolchexadiene (E,, est. = 53 koal/mol’’) at high concentrations of
i quencher is expected.

Somewhat different behavior was observed for )1 dissolved in pure
vater. Flash irradiation of an aqueous saturated solution (ca. 0.01 aM) F
resulted in ancther weak transient now extending through much of the visi-
ble with a broad saximum vhich appeared to be shifted to ca. 700 mm. This
N observation, consistent with formation of the solvated electron®® via pho- h

‘:;-' tosjection from excited ocoumarin from either its singlet or triplet

state,’® was not repeated on similar flash photolysis of 2 in water.

Discussion

PP WY P
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The alteration of the photophysics of coumarin®® by substitution of an
amine group in the 7-position is readily underatood in terms of replacement
of the conventional low—-lying n,n* and x,n® states with an intramolecular
charge-transfer excited state (ICT) which involves promotion of an electron
from an orbital which is significantly weighted at the amine moiety (in
Kasha’'s terminology, an 1, —>x* transition‘’). The enhancement of flu-
orescence at the expenas of intersystem crossing with this substitution,

and the additiomal effects of solvent are reminiscent of the trends

observed for other coumarins substituted with donor groups including the

furocoumarins,*® and  4,4'-N,N-dimethylaminobenzophenone (Michler's
ketons).*’

The principal interest here in the aminocoumarins involves the precise
identification of oombimations of substituent pattern and solvent which
conspire to inhibit luminescence. The main structural features are (1) the
previously noted’’® annulation at the amine moiety which results in inhi-
bited rotation (i.e., the undiminished fluorescence of 3, 4, and S, vs.
the ocomparable ] and 2); (2) the role of an electron withdrawing group at
position—4 which results in the most dramatic response to changes in sol-
vent polarity for dyes displaying the unencumbered amine function (2 vs 1);
(3) for the "free rotor” dyes, a dependence on nitrogen subatituents (for
NR,, non-radiative decay rates follow the trend, R = ethyl > R = methyl > R
= hydrogen); (4) a diminished tendency toward nop-ndintive decay for NH,-
(6) and NHR-subsituted dyes with additiomal ortho ring substituents (i.e.,
10 and 11); and (5) a similar sustained fluorescence in polar solvents for
otherwise susceptible dye structures displaying a delocaliging substituent

at position-3 (benzthiagole, §, or benzimidazole, 9, groups).
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Where fluorescence yield and lifetime are both available, the solvent

: effect can be resolved in terms of influences on radiative and non— radia-
i tive decay oconstants (Table 3). Although a regular change in the

fluorescence rate constant (ca. two—fold reduction in k, in the most polar
g solvents) accounts for part of the alteration in fluorescence y:l.eld." the
1 stronger influence involves kd. the non— radiative decay parameter which is
X increased by as much as two orders of magnitude in polar media.
~ The observed solvent influences might have been related to several

1 established phenomena contributing to non-radiative deactivation. Addition
of polar solvents (especially hydrogen—bonding solvents) might lead to dis-

crete, stoichiometric excited complexes which display low emission

O A L A Ak

yields.*® However, discontinuous spectral shifts and sizeable solvent iso-
tope effects have been frequently observed for solvent exciplexes,®® in
oontrast to our findings. The results also argue against a major role for

electron photosjection from excited coumarin singlets, despite the fact

e e

that the solvated electron may be a product of irradiation of 1 in water
(vide supra).‘’ The oxidation potentials measured for 1, 2. and 3 (E,,, =

1.09, 1.20, and 0.72 V vs SCE, acetonitrile®?’) should reveal a tendency for

§ ATt AR

dye photoionmization, but the trend is apparently ignored since the lifetime
of 2 is most influenced by polar solvent and fluorescence remains robust

for 3 in water.*?

< Solvent effects on the yleld of intersystem crossing for related
! structures are known.*® However, for the present series an increase in tri- ]
2 _J
v plet yield which would be associated with enhanced nomradiative decay in ;‘4
4 more polar media could not be confirmed by flash detection of triplets or 2

N
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conventional triplet counting. Likewise, neither singlet self quenching,
which leads to measureable reduction in fluorescence yield only at very
high concentrations of dye (e.g., 0.01 M), nor singlet photochemistry which
remains inefficient (ﬁ =<103) 1n polar solvents,*® can account for the
trends in non-radiative decay. Acid—-base reactionm which could be important
in protic media appears excluded due to the absence of a pH dependence of
fluorescence over a significant range. The latter has been confirmed in a
recent study of 3 which revealed proton transfer only in rather acidic

media (pH ¢ 2.0).**

For the cases in which non—radiative decay is most robust (1 and 2),
the previously proposed®’?® ICT-TICT deactivation remains most attractive.
The importance of this decay path is expected for polar media where charges
in the fully developed zwitterion can be stabilized. The additional struc-
tural clues include the absence of the torsional decay route for rigid
structures, 3 - 5, the substituent influence on developing positive (depen—
dence on NR, for 2, §, and 7) and negative (substitution in the lactone

ring, 1 vs 2) charge.’*

The restoration of fluorescence for ] and 2 in
polar glasses is also consistent with the elimination of a rotatory decay

mode.

The role of solvent motion in assisting non-radiative decay of excited
states via a rotatory path or involving the evolution of polar (CT) excited
species has received much recent attention. The exertion of a hydrodynamic
drag or friction by solvent against a rotatory decay mode has been proposed
as the primary influence on “nd in a number of cases in which correlations

of kpq with bulk solvent viscosity could be made.‘®’*’‘® The necessity of
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solvent motion to stabilize charge through dielectric relaxation has also

been oonsidered a feature controlling the rate of nonradiative decay."

In the cases of ] and 2 and their relatives, several observations sug-
gest that these influences taken alone do not provide an adequate model for
the observed solvent effects. Although viscosity can control decay of the
coumarins in certain instances (inhibition in glassy matrices), further
correlation is not found in the temperature dependence data. Thus, the
barrier to decay for 2 in acetonitrile is 2.5 kcal/mol, compared to the
activation energy of viscocity for acetonitrile of 1.8 kcal/mol (from a
plot of 1n (1/7) vs 1/T). On the other hand, the temperature dependence of
kng for 1 in glycerol provides E, = 4.9 kcal/mol, a value far less than the
l,value for glycerol (16.2 kcal/mol). Additionally, the decay rates for 2,
§, and 7 show an inverse dependence on the size of the amine rotor (faster
decay for the larger rotor). In terms of solvent orientation polarization,
values for dielectric relaxation times are considerably shorter (generally
less than 0.5 ns for electronic polarization of low viscoaity solvents at
room temperature’’) compared to the observed non-radiative decay times

(1/kyq = > 0.5 ns) for the coumarins.

Ve prefer a mechanism in which viscosity is a contributor to the bar—-
rier for rotatory decay of the type, ICT - TICT , but is not the dominant
feature. VWe note partiocularly the rough correlation of the Stokes’ shift
of fluorescence (v‘ - Dr) with the non—-radiative decay rate. Thus, for 2,
1, and §(9), values for the shift in polar solvents range around 5.0, 4.0,
and 2.0~3.5 kK, respectively. This trend parallels a reduction in rate of

non-radiative decay for dyes with uninhibited rotors in solvents of similar

r .
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polarity and viscosity (compare, for example, data in Tables 1-3 for 50%

Ly
s},\. ethanol solvent). We conclude that an important solvent influence for the
)-_'_-‘-
::;E coumarins centers around a narrowing of the energy gap between the emiasive
f.,'s';'

(planar ICT) excited state and the ground state.

Application of the energy gap law to rationmalize trends for radiation-

less transitions is well documented including recent examples involving

" organic fluorescent dyes’® and transition metal complexes®®, Indeed, the
f"g effect of solvent on knd for the coumarins which are restricted from
: rotatory decay appears to involve a modest "gap law” influence (note data
v_,.. for 4, Table 3). For ICT-TICT rotatory decay, on the other hand, special
‘:: features may be in force as illustrated using the Figure. The figure of
: merit 1is not the absolute value of the energy gap between S, and S, (2, 8.
45 and 2 have similar excitation energies, E, ), but the extent to which sol-
‘:Q' vent is ocalled upon to stabilize an excited state dipole moment. Again
:‘:‘ ocomparing free rotor dyes, we note substantial differences in the nature of
'_ the electronmic transition producing the emissive state ( larger Stokes’
‘P shift but much smaller extinction coefficients for 1 and 2 compared to §
;:\ and 92). The greater CT character for ] and 2 is associated with substan—
tial alteration of electron densities and bond orders®’ with localization
_E'-E of excitation at various sites within the dye structure. For dyes exhibit-
'ﬂg ing fast decay (especially 2), localization at the amine function activates
a rotor which insures that excited molecules travel to a favorable geometry
:: for non-radiative decay to the ground state.
|
f The consequences on reactivity (in general, radiationless decay) of
,',- the distribution of electronic excitation energy in organic molecules has
X
%

.
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been most extensively discussed by Zimmerman.’® One protocol involves the
estimation . of changes in bond order following excitation (the construction
of a ‘DP matrix” from M0 coefficients), and the inspection of pathways
wvhich tend to reverse these bond order alterations (molecular distortions
which reduce local excitations and convert electronic energy into vibrs—
tiooal energy).’® In the present case, inspection of M0's available from
caloulations involving ICT systems *°’*’ shows that an increase in N-C
(7-position) bond order results from excitation (the allowed transition
acoording to PPP-SCF-CI calculation®®). It appears that excitation ini-
tially creates a barrier for rotatioml deactivation. However, this
rotatory path is facilitated by charge-stabilizing substituent groups, by
polar solvent, and by a reatoration of some of the delocalisation energy
lost in developing a quinonoid structure (ICT) (the disappearance of local
excitations 1involving enlarged u-c., and c4-c, bond orders on rotation to
TICT). A diminution in the energy gap between ground and excited states ia
required during rotation, aince the N~C pi bond order is initially enhanced a
at the ICT geometry but reduced to zero (AP = 0 with the ideal 90° twist)
for the TICT structure. This ratiomale provides insight to the empirical

"minisum overlap rule~*f which predicts the likelihood of intramolecular
charge transfer between donor and acceptor moieties (and ICT-TICT behavior)

for systems which have fixed twisted geometries or are capable of rotation. .-

The substituent and solvent effects noted here are therefore inter—
preted in terms of charge stabilizing influences which tend to diminiah the
barrier for torsional motion which is the most favorable distortion for x
bringing ground and excited surfaces into proximity.’® The Stokes shift of
fluorescence is an indicator of stabilization of partial charge in ICT but,
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v
moreover, a signature of the substituent and solveat influences on the
fully chargs ssparated TICT intermediate and the transition state leading
to it (Figure). The decidedly different character of the transition for
| unconstrained but not freely rotating dyes (§ and 9) (smaller Stokes shift,
vide supra) signals the absence of local excitation which is favorable to

o i EY e
L

rotatory decay (i.e., the ICT structure is no longer appropriate and amine
group rotation, albeit permitted, does not lead to excited state bond order
alteration and energy surface proximity’’).

AR A M R I Y

In summary, the mechanism of radiationless decay proposed for coumarin
laser Qu."’ is restricted to those structures displaying an amine moiety

(7-position) which is free to rotate and is alkylated for stabilization of

A A

incipient charge in a TICT intermediate (] and 2 but not §, 7, 10, and
11°%). ICT-TICT rotatiomal deactivation is also inhibited (§ and 9) when
| the low energy transition does not involve an intramolecular tranafer of
7 charge (from the amine function)‘® which is indicated by a large and sol-
vent sensitive Stokes shift of fluorescence. Very polar solvents are

o gl S 7,

required for robust rotatory decay with protic media (especially water)

playing a special role, presumeably due to favorable interaction with TICT

fr.

as recently reported’® for the DMAB systea

Extension of the present discussion to include other types of fluores-

o td-dar i oot B Sy

ocent dyes and to the operation of dyes under lasing conditions is indicated

Jo TRLA . 0 S et R W

in several reports. Drexhage origimally doocumented effects of rotatory

Cede s

& deactivation for rhodamine dyes® and Smare, et. al., have discussed the

2 solvent effects on rhodamine B fluorescence in terms of both an energy gap

8 dependence and rotatory decay.‘’ In addition, use of protic solvents

Kal{as ~a il \oe e
h e Y v [ e

e N e e
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NN Ry

appears to boost the gain of dye lasers®* (large Stokes shift, but where

3

2;' rotatory decay is not enhanced), and a temperature dependence of deactiva-

b )

§ tion oan be exploited to improve peak lasing power as recently demonstrated h

Y i
for ] and other "free rotor” dyes.‘’ ‘

. 4

? .

Experimental Section

Materials. Coumarin 2 was prepared and purified according to a pub-
lished procedure.’® Coumarin § was a gift from Dr. R. L. Atkins.‘ The
other ocoumarins, 1 - 11, were commercially available laser grade materials
obtained from Eastman Kodak Co. or Exoiton Chemical Co. and were used in
2 most ocases as received following tlc analysis for impurities (silica, ethyl ;
g’ acetate / bhexans). Spectroquality organic solvents (MCB glass distilled)
were used along vith reagent grade glycerol and triply distilled water.
Deuterium oxide (99.8% D) (MSD Isotopes) was used as received. Quinine
¥, sulfate dihydrate (Aldrich) was purified by recrystallization from water.
1,3-Cyclchexadiens (Aldrich) was distilled at atmospheric pressure immedi-
ately before use. DBenzophenone was recrystallized three times from
g petrolemm ether. N, N-Dimethylaniline (Aldrich) was treated with lithium
aluminm hydride and freshly distilled at reduced pressure (20 sm) prior to

Rlugrescence guantus yislda. BEmission spectra were recorded on a Per—
kin-Rimer MPP-440 [fluorescence spectrophotometer equipped with a

PR :
APPSR N

-----
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) differential spectrum correction unit. Spectra were recorded at room tem—
- perature for air-saturated samples, and integrated intensities were
-: obtained by cut-out-and-weigh. Relative integrated intensities were com—
pared va. the fluorescence standard, quinine sulfate, whose quantum
‘i efficiency was assumed to be 0.55 (1.0 N H,S0,).°® Fluorescence quantum
%&‘ yields were calculated using a quadratic correction for refractive index of
| the solvent and a correction for per cent light absorbed by the samples.
K::‘ For these measurements dilute samples (ca. 10~° M, maximum 0. D. < 0.2)
% were employed with excitation at or mear the absorption maximum determined
» using a Perkin-Elmer Model 552 spectrophotameter. To correct for oxygen
ti qQuenching of fluorescence, ‘®’’* samples were purged with argon until no
: ": further increase in fluorescence intensity oould be observed. The ratio of
kX

maximum intensities for purged vs undegassed samples (Table 7) was used to

w

calculate fluorescence Yyields for air-free solutions (Table 1). Notably,
rate constants caloculated for oxygen quenching approximated the diffusion

e G e

limited values (Table 7).

l% Fluorescence spectra at low temperatures were obtained using the flu—
i‘ orimeter oryostat acceasory with the insertion of a 4 mm quartz sample tube
f (undegassed 50:50 ethanol-methanol solvent) into the specially equipped tip
of a Dewar flask filled with liquid nitrogen. The solvent mixture used
: provided a clear, uniform glass at lowv temperature. The variable tempera-
?f' ture fluorescence measurements were carried out using the thermostatted
* fluorimeter sample holder and an external water airculator. Corrected flu- :
3 oresosnce intensities were recorded as relative quantum yields as a
- funotion of temperature and converted to absolute fluorescence efficiencies .
. 2 (Table 4) based on the niuu obtained at 20-21°C vs quinine sulfate.
3 :

.-‘ A QLT "‘.\.'. LA SO .‘.'_.‘. v RIORRY . R et e G et e e e . ‘- e IR -»..-..'"-.-. e
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EFluorescsnce lifetimes. Emission lifetimes for argon purged samples
of 1, 2, 4, and S were available from single photon ocounting measurements

23
h i

as described previously.’’’ Lifetimes for § - 11 were determined using a

Yt t«iﬁ%ﬁ{f ¢

fluoresocence quenching technique. N,N-dimethylaniline (DMA) was used to

i quench emission from all the dyes in air saturated solutions. Using the
,3 Stern—Volmer relation, I /I =1 + k.v(Q] and the known lifetimes for 1, 2.
- 4, and § ocorrected for oxygen quenching (Table 7), average values for kq
f}v were determined: 1.0 + 0.3 x 10*® and 0.77 + 0.4 x 10*° N~ * 5%, respec-

' tively, for acetonitrile and 50% ethancl-water. The narrow range of rate
oconstants for quenching by DMA allowed use of these average values for kq
for § - 11, assuming a conaistent diffusion limited rate. The Stern-Volaer

oconstants for the series vere kqt = 31.5, 27.7, 35.1, and 76.7, respective-

1y, and the calculated lifetimes are given in Table 2.

e Iriplet gounting. OQuantum yields of intersystem orossing were
estimated using the triplet oounting technique.’® The reference system was
the dimerization of 1,3~cyclohexadiens using bensophenons as triplet sensi-

tizer.’® Diene dimers were obtained by preparative photolysis and

identified by mmr analysis as previously reported.’® Semples of 0.01 M ben—
» sophenons or coumarin dye with 0.1 M cyclchexadiens were placed in 18 x 150
% R Pyrex tubes and after purging by argon for 15 min were irradiated in
:~ parallel using apparatus and procedures previously described.’® The
y serry-go-round assembly was placed in a filter solution oontaining 50 g/l i
? ¥iSO, and 0.2 g/l 2,7-dimethyl-3,6-diasacyclohepta-2,6-diene perchlorate
b3 which provided a bandpass of 340370 nm for the Rayonet chamber reactor

3500A lamps. Cyclohexadiens dimers were analyzed on a Varian Model 3700

“E gas chromatograph equipped with an HP 3380A integrator and a 50 £t x 0.25
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mm WCOT column (OV-17 liquid phase) operated at 120 using pentadecane as an
internal standard. The quenching of coumarin singlets (fluorescence) by

oyclchexadiens (0.1 M) was not observed.

Ilaah photolyais. Flash photolysis apperatus which eonsiate& of a Xe
flash lamp with ca. 35 ps duration (fwhm) has been described previously.’*
Argon-purged solutions of 10~* M dye and a 22 cm Pyrex cell were employed.
Photographs of oacilloscope traces were obtained to record % tranamission
values which were converted to transient absorbance. For comparison of the
relative yield of transients, absorbance values were recorded at their max-
imum at the shortest practical times following lamp discharge (usually 100

us following flash).
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;{z Table 1. Absorption and emission maxima and fluorescence quantum yields
Yo and lifetimes for selected coumarin dyes®,
,’-_j.‘
EN
b _,_\j_' Solvent A, Ap O, T fb
P
N
o 1 cyclohexane 350 395 0.49 2.8
X ethyl acetate 361 416 0.99 3.1
<
;3_:: acetonitrile 367 430 1.03 3.4
A ethanol 373 451 0,73 3.1
- 50% ethanol 381 454 0.30 1.4
e
-4 20% ethanol 382 456 0.1 0.70
&
2 water 38 456 0.055
glycerol 384 463 0.58 3.8
- 2 cyclohexane 376 433 1.04 4.1
' ethyl acetate 3 4719  1.09 4.6
-2t acotonitrile 396 501 0.091 0.60
o ethanol 400 509 0.090 0.85
50% ethanol 412 523  0.032 0.45
: wster 406 528 0.011
glycerol 413 524  0.18 2.7
T 3 cyclohexane 361 407 1.05 2.6°
scetonitrile 380 450 0.91 3.4
ethanol 387 413 0.95 4.5
X
- 50% ethanol 396 417 1.02
AN
W water 396 489 0.66 5.9°
“
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4 cyclohexane 393 455 0.90 4.3
ethyl acetate 409 501 0.93 5.4
acetonitrile 418 521 0.56 5.6
ethanol 421 531 0.38 3.4
50% ethanol 425 542 0.38 4.7
water 430 549 0.12
glycerol 434 546 0.22 3.5
3 cyclohexane 382 439 0.98 4.2
acetonitrile 405 510 0.87 5.6
ethanol 408 515 0.80 5.1
50% ethanol 421 528 0.55 4.5
glycerol 420 530 0.30
[} scetonitrile 365 465 0.92 5.2
50% ethanol 380 490 0.88 5.3
1 dioxane 384 470 0.94
scetonitrile 393 500 0.28
ethanol 396 520 0.21
. 50% ethanol 409 530 0.11
e
.‘.‘,:P' "avclugtlu in om, v values in ns; argon purged samples, room
:;,, temperature.

rom photon counting measurements (ref. 6 except where noted).
. ORef. 32 and 33
S dpMF solvent, ref. 32
N *Ref. 33
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Photophysical data for selected coumarin dyes in polar media®.

Solvent A, Ag Df Ty
8 cyclohexane 437 475 0.60
acetomitrile 454 501 0.63 3.2
50% ethanol 469 508 0.59 3.3
9 acetonitrile 403 480 0.67 2.8
50% eothanol 419 485 0.35 2.3
10 acetonitrile 354 420 0.80 3.5
50% ethanol 367 441 0.90 4.0
i1 cyclohexane 368 420 0.65
acetonitrile 383 481 0.58 7.7
50% ethanol 403 498 0.50 4.4
SAir-saturated samples at room temperature.
'. : :,;:_('.,;. ':'{'-'. -. ‘-‘..' ._:. .................. e RN :‘. ' . _.. _:s o ,;- ..;‘ ...................

...............



Rate constants for radiative and non-radiative decay as a
funotion of solvent®,

Solvent ke S
cyclohexane 1.8 1.8
ethyl acetate 3.2 0.03
acetonitrile 3.0 0.1
ethanol 2.3 0.87
50% ethanol 2.1 5.0
20% eothanol 1.6 13.
glycerol 1.5 1.1
cyclohexane @ 2.5 <0.1
sthyl acetate 2.4 <0.1
sgetonitrile 1.5 15,
ethanol 1.1 11,
50% ethanol 0.71 22,
glycerol 0.67 3.0
cyclohexane 2.1 0.23
othyl acetate 1.7 0.13
scetonitrile 1.0 0.79
ethanol 1.1 1.8
50% othanol 0.81 1.3
glycerol 0.63 2.2
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cyclohexane
acetonitrile
othanol

50% ethanol

acetoaitrile

50% ethanmol

scetonitrile

50% ethanol

acetonitrile

50% ethanol

scetonitrile

50% ethanol

acetomitrile

50% ethamol

2.4

2.3
2.2

0.75

0.05
0.23

0.39

0.15
0.23

2.8

0.57

0.25

0.53
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Table 4. Temperature dependence of photophysical parameters for 1 and 2°.

0
LT

(Y

T(°C) o, te(ns) k, Ky,
x
c )
é 1® 20 0.56 3.8 1.5 1.2
N
3 40 0.41 31 1.3 1.9
| 60 0.33 2.1 1.5 3.1
¥
51 80 0.23 1.5 1.5 5.0
23!
= 2° 4 0.12 12,
2
21 0.090 17.
Y
33 0.073 21,
b 48 0.065 23. |
v, |
b s8 0.057 26.
“ -\
:Iato constants iz 10° ¢~ * |
g Glycerol solveat _ ‘
A ®Acetomitrile solvest; k; values calculated assuming k, = 1.5 x 10° ¢~*
.l
w5
v
5 ‘
e ‘
- |
Vi l
2 |
’ '; 1
oG]
o |
|
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o, (C,H,,)

0, (C,H,0H)

0.30
0.043

0.053

0.006
<0.001

<0.001
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Table 6. Coumarin fluworescemce properties in acetonitrile/water®

‘ ’ lf (III) IO/I
P [watez] .M 1 K1 1 i
Lo D0 HO Do

1.0 435 453 1.13 1.11 1,04 1.06
3.0 441 459 140 141 1.09 1.16
o 5.0 445 463 1.80 1.69 1.3 1.16
53 7.0 447 466 2.10 2.00 1.14 1.16
ny 9.0 447 470 2.42 2,20 1.17 1.17

11.0 448 470 2.65 2.57 1.22 1.21

Lyt

e
e

5 0%
'ni

o h
ot

»

%Air saturated solution; [dye] = 10™° i
I°II = pratio of fluorescaece intemsities before and after addition of
water with correction for sample dilution.
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Table 7. Quenching of coumarin dys fluorescemce by oxygen.

B Solvent Io/I* . 10%°n" 24"

acetonitrile 1.21 2.5

P 4~.'.-; .“‘. " .‘
5 \-:0 .n".-'_ PP
P

ethanol 1.07 1.1

2 acetonitrile ~ 1,00

ethanol ~ 1.00 1

AR DAL,

3 ethanol 1,22 2.4 j

e

4 cyclohexzane 1.23 1.8

‘:J %
A

acetonitrile 1.22 1.5

ethanol 1.06 0.79

Y

R

oeie

%Ratio of maximum fluorescence intemsities for argon purged (I°) and for
sir saturated (I) solutions.

YCalculated from I%/I =1 + k ©(0,]; v values from Table 1 and [0,] taken
from tabulated data (ref. 73%.
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Figure. Potential energy surfaces for rotation at the amine function,

" depicting a Franck-Condon transition (FC), relaxation involving

¥ coordinates for solvation, and evolution of the planar emissive
intramolecular CT state (ICT, 12) to the twisted conformation (TICT,
13). Energy relationships for the respective FC transitions, the
barrier heights for rotation and the extent of stabilization of ICT
(Stokes shift of fluorescence) and TICT are presented qualitatively
for less polar (a) and more polar (b) solvents
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